Introduction: Recent data suggest that healthy children and adolescents who report psychotic-like experiences (PLEs) evidence abnormalities in white matter (WM). To date, no study has examined whether WM abnormalities associated with PLEs are predictive of outcome at a later time-point. The present study examined whether abnormalities in WM associated with PLEs in children and adolescents at a baseline assessment were predictive of social functioning at a 12-month follow-up. Subjects and Methods: Healthy children and adolescents aged 8-18 years (N = 56) were recruited from the community and received a diffusion tensor imaging exam and a clinical exam at baseline. Voxel-wise statistical analysis of fractional anisotropy (FA), using Tract-Based Spatial Statistics, and probabilistic tractography were used to identify WM abnormalities associated with PLEs at baseline. These abnormalities were then examined for association to social problems and social competence in 28 participants at 12-month follow-up. Results: Lower FA in regions proximal to the superior longitudinal fasciculus (SLF) and corticospinal tract bilaterally as well as in the left inferior fronto-occipital fasciculus and inferior longitudinal fasciculus were associated with higher levels of PLEs at baseline. Moreover, baseline FA in the SLF, but not baseline severity of PLEs, was significantly predictive of social competence at a 12-month follow-up. In contrast, baseline severity of PLEs, but not baseline FA in the SLF, predicted social problems at 12-month followup. Discussion: These findings suggest that alterations in WM, which are associated with symptoms of psychosis well below the threshold of clinical significance, may have significant ramifications for later social development.
Introduction
Schizophrenia (SZ) has long been conceptualized as a disorder of disrupted brain connectivity [1] [2] [3] and with the advent of magnetic resonance imaging techniques, especially diffusion tensor imaging (DTI), 4, 5 we are now able to examine anatomical brain connectivity in vivo in patients with SZ. A main measure derived from DTI, fractional anisotropy (FA), is thought to index white matter (WM) integrity and putatively reflects both degree of myelination and directional coherence of fiber tracts connecting different brain regions. While dysconnectivity can refer to either a hypo-or hyper-connective state, 6 generally, lower FA has been observed in patients with SZ relative to controls. [7] [8] [9] Recently, considerable effort has been directed at examining whether dysconnectivity is evident prior to the onset of illness. Such studies generally examine individuals designated as clinical high risk (CHR) and defined by the presence of either attenuated positive symptoms, brief intermittent psychotic symptoms, or genetic risk for psychosis accompanied by functional decline. 10 Although limited, DTI studies in CHR samples suggest that lower FA is evident prior to the onset of illness. [11] [12] [13] Moreover, several studies, demonstrating that baseline measures of FA can be used to predict conversion from a CHR state to a psychotic disorder, have provided converging evidence for the relationship between illness and disruptions in connectivity. 14, 15 Thus, in vivo measures of structural dysconnectivity may be useful in the early identification of those at risk for developing a psychotic disorder. However, it is unknown whether these measures may be informative in participants whose symptoms are well below the threshold of clinical significance. Thus, the present study sought to examine the relationship between measures of connectivity, using DTI, and a measure of subsyndromal psychotic symptoms in nonhelp-seeking children and adolescents from the community.
Subsyndromal psychotic symptoms are typically distinguishable from clinically significant psychotic symptoms based on features such as severity, frequency, conviction, and/or associated distress. 16 Considerable data suggest that these symptoms, referred to as psychotic-like experiences (PLEs), represent the behavioral expression of an underlying predisposition for psychotic disorders. 17 To date, only 2 DTI studies have examined whether WM abnormalities are evident in nonhelp-seeking children and adolescents exhibiting PLEs 18, 19 and the findings have been mixed with one study demonstrating an association between PLEs and decreases in FA 18 and the other demonstrating an association between PLEs and increases in FA. 19 It is unclear how these studies should be interpreted, partly due to the conflicting findings, but also because neither study examined whether the alterations in FA they identified were meaningful in relation to longitudinal outcomes. Specifically, both of these studies were cross-sectional and thus, did not examine whether baseline measures of FA could be used to predict specific outcomes at a later time-point. Thus, the present investigation sought to examine whether disruptions in connectivity associated with PLEs in nonhelp-seeking children and adolescents at baseline are predictive of outcome at a 12-month follow-up. Specifically, because prior work in CHR samples suggests that changes in social functioning are strong predictors of conversion to a psychotic disorder 20 and that baseline measures of FA in CHR samples are significantly predictive of deterioration in social functioning over a 15-month follow-up, 12 we examined whether PLE-associated dysconnectivity at baseline predicted social functioning 1 year after the baseline DTI scan.
Subjects and Methods

Participants
Fifty-six participants aged 8-18 years were recruited from the community through local advertisements and word of mouth. Written informed consent was obtained from participants or if the participant was a minor, from a parent or guardian; all minors provided assent. Full details of recruitment and screening procedures are provided in the supplementary methods. Briefly, all study procedures including diagnostic, clinical, and imaging assessments were completed within 1 month from the date of consent. 
Assessment of PLEs.
The presence and severity of PLEs were assessed using the Community Assessment of Psychic Experiences (CAPE). 23 The CAPE is a 42-item, self-report questionnaire that measures 3 dimensions of subsyndromal psychopathology including positive, negative, and depressive symptoms. The CAPE provides scores on each of the 3 dimensions, as well as a total score representing the overall frequency of subsyndromal symptoms; in the present study we used the positive symptom frequency score as our primary measure of PLEs because it is consistent with the symptoms utilized to identify CHR individuals 10 and with prior DTI studies examining the relationship between connectivity and PLEs. 18, 19 Assessment of Social Functioning. To assess social functioning we utilized the Child Behavior Checklist (CBCL). 24 The CBCL is a parent-report measure appropriate for use with children aged 6-18 years. It is a well-validated 113-item questionnaire that takes 15-20 minutes to complete. For the present study we examined scores on the Social Competence and the Social Problems subscales. Although social problems and social competence may be related, they are independent constructs. Specifically, social competence is a broad characteristic that encompasses many related interpersonal skills including emotional self-regulation, social cognition, positive communication, and prosocial relationships with family members, peers, and teachers (Bornstein et al. 2010 in supplementary methods). In contrast, social problems reflect behavioral difficulties in the context of social environments. 24 All scores were adjusted for sex and age and rescaled to T scores with a mean of 50 and SD of 10.
Imaging
Image Acquisition. MRI exams were conducted at the North Shore University Medical Center on a General Electric 3 Tesla whole body superconducting imaging system. A radiologist reviewed all scans for gross anatomic pathology that would preclude participation in this study. Scans with significant artifacts were repeated. We minimized movement by stabilizing the head with cushions prior to scanning. DTI data were acquired using single shot echo planar imaging, and a double spin echo to decrease distortions due to eddy currents, with the following parameters: repetition time = 14 000 ms, echo time = minimum, matrix = 128 × 128, field of view = 240 mm, slice thickness = 2.5 mm, and 51 contiguous axial slices aligned to the anterior and posterior commissures. A total of 36 DTI volumes were obtained for each subject that included 31 volumes with diffusion gradients applied along 31 noncollinear directions (b = 1000 s/mm 2 ) and 5 volumes without diffusion weighting.
DTI Analysis. Image processing was conducted using the Functional Magnetic Resonance Imaging of the Brain Software Library (FSL; Oxford, UK; http://fsl. fmrib.ox.ac.uk/fsl/). Details of image processing are described in the supplementary methods. Briefly, FA was first calculated for each voxel. Voxel-wise statistical analysis of the FA data was carried out using TractBased Spatial Statistics (TBSS). 25 WM tracts proximal to regions implicated by our primary TBSS analysis were delineated in accordance with our prior study in this sample. 26 Using probabilistic tractography in FSL, 27 the superior longitudinal fasciculus (SLF), corticospinal tract (CST), inferior fronto-occipital fasciculus (IFOF), and inferior longitudinal fasciculus (ILF) were segmented.
Head Motion Effects.
To assess head motion that could potentially affect FA and other DTI-derived measurements, the head displacement for each subject was estimated as a displacement distance between 2 DTI volumes; the root mean square deviation was calculated from intra-subject registration (eddy-current and motion correction) parameters, at an r = 40 mm spherical surface using FSL's rmsdiff tool (http://www.fmrib. ox.ac.uk/fsl/flirt/overview.html). For each subject, the sum of displacement distances between each consecutive pair of 31 DTI volumes (ie, 30 displacement distances) was computed as the total head displacement for the subject. The distribution of total displacement distances indicated excessive motion in 2 of our participants. Thus, these participants were excluded from further analysis resulting in a final baseline sample of N = 54.
Statistical Analysis
Initially, the distribution of all variables of interest were examined for departure from normality and to identify any outliers (>3 SD above the mean). Next, we examined the relationship between demographic variables including sex and age and our primary clinical measures, PLEs, social competency, and social problems, using χ 2 and Pearson's correlations where appropriate. To test for local association between PLEs and FA using TBSS, linear regressions on FA were performed using FSLs permutation-based testing randomize tool with age, sex, and total displacement distance as covariates, all of which were mean-centered. Inference on the statistic maps was carried out using threshold-free cluster enhancement. 25 The null distribution was built up over 5000 random permutations across the image. The clusters were then thresholded at a level of P <.05 and corrected for multiple comparisons (family-wise error). Anatomical location of significant FA clusters was determined with the probabilistic cortical, subcortical, and WM tractography atlases provided in FSL, and an MRI atlas of human WM anatomy. 28 To examine the relationship between PLEs and WM integrity within tracts proximal to clusters identified in the TBSS analysis, we utilized stepwise linear regressions in which sex, age, and total displacement distance were entered in the first step and FA values from each relevant tract entered in the second step, as predictors of PLEs.
Finally, to examine the association between baseline measures of WM integrity and social functioning at 12-month follow-up, we used 2 linear stepwise regression models. In both models, age and sex were included in the first step, baseline PLEs were entered in the second step and FA in any tract that was significantly associated with PLEs at baseline was entered in the third step. One of these models included the social competence score as the dependent measure while the other model included the social problems score as the dependent variable. At each stage of analysis, power calculations were carried out to ensure that we maintained adequate power (>.80) to detect effects at each subsequent stage of analysis.
Results
Demographic characteristics of the final baseline sample are provided in the left column of table 1. Examination of the distributions of all variables of interest revealed that all of our variables were normally distributed and no variable evidenced extreme scores. Examination of the relationship between demographic variables, including sex and age and our primary clinical measures (PLEs, social competence, and social problems), indicated that age was significantly correlated with PLEs (r = .34; P = .01). No other significant associations were found.
At 12-month follow-up we retained half of our baseline sample (N = 28). The average time between assessments was 1.07 years (SD = 0.02). Demographic characteristics of the participants who returned for the 12-month assessment of social functioning are provided in the right column of table 1. Comparisons of baseline characteristics between those who returned and those who did not, revealed no significant differences in age, sex, PLEs, social competence, or social problems (all P values > .05).
Voxel-wise statistical analysis of the relationship between PLEs and FA using TBSS that included age, sex, and total displacement distance as covariates, revealed that PLEs were significantly associated with FA in regions spanning the SLF and CST bilaterally, as well as the left IFOF and left ILF. These data are illustrated in figure 1 and coordinates of all significant clusters are shown in table 2. Specifically, we found that lower FA values in these regions were associated with higher levels of PLEs. PLEs were not significantly associated with higher FA values in any cluster.
Further examination of the WM tracts proximal to the significant regions implicated by TBSS, including the SLF, CST, IFOF, and ILF using tractography derived measures, revealed that FA in the SLF, but not in the CST, IFOF, or ILF, was a significant predictor of PLEs such that low FA in the SLF predicted higher levels of PLEs. Specifically, in the stepwise linear regression model including age, sex, and total displacement distance in the first step and FA in each of the 4 tracts in the second step, the first step of the model was significant (F (3,53) = 3.56, P = .02) with age identified as the only significant predictor (t = 2.78, P = .008). Collectively, the first step of the regression model accounted for 12.6% of the variance in PLEs. The second step of the model was also significant (F (3,53) = 5.53, P = .001) with a significant change in r 2 (P = .003). In this step, age remained a significant predictor of PLEs and FA within the SLF was the only additional predictor (t = 3.10, P < .003); the full model accounted for 25.5% of the variance in PLEs.
To address the specificity of our DTI measures to positive symptoms, we conducted post hoc analyses to examine whether FA, in the SLF, was also associated with scores on the CAPE negative or depressive symptom subscales. As expected, 17, 23 examination of the relation between these subscales and the positive symptom subscale score revealed significant correlations (Negative subscale: rho = 0.65; P < .001; Depressive subscale: rho = 0.64; P < .001) providing us with ideal tests for specificity. Thus, we carried out 2 additional linear regressions to examine whether FA in the SLF, was associated with either negative or depressive symptoms. These analyses included age, sex, and total displacement in the first step of the model and FA in the SLF in the second step. These analyses did not produce significant models, suggesting that our findings cannot be accounted for by over-reporting or higher levels of general psychopathology.
Finally, in the models examining baseline FA as predictors of social functioning at 12-month follow-up we found the following pattern of results. First, in the model seeking to predict social problems, which included sex, age, baseline PLEs, and FA in the SLF, the only significant predictor in the final model was baseline PLEs and the final model accounted for 40.6% of the variance in social problems (F (1,26) = 19.47, P < .001). Specifically, higher levels of PLEs at baseline were significantly predictive of more social problems at 12-month follow-up. Second, in the model seeking to predict social competence, which included sex, age, baseline PLEs, and FA in the SLF, the only significant predictor in the final model was baseline FA in the SLF, accounting for 24% of the variance in social competence (F (1,26) = 6.69, P = .02). Specifically, lower FA in the SLF at baseline was significantly predictive of reduced social competence at a 12-month follow-up.
To examine the specificity of the aforementioned findings to subsequent social competence and social problems, rather than referent social competence and social problems, we repeated the regression analyses with baseline CBCL scores as the dependent variables. In the analysis examining baseline social problems, the regression model produced the same results as the analysis examining 12-month social problems. Specifically, the only significant predictor in the final model was PLEs and the final model accounted for 38.8% of the variance in social problems. This suggests that PLE severity may be associated with ongoing social problems or perhaps, that social problems and PLEs emerge in tandem, or in close proximity to each other. The analysis examining baseline social competence, however, did not produce a significant model suggesting that the observed relationship between FA in the SLF and social competence was not present at baseline, but rather, emerged over the course of the longitudinal follow-up period. All P values are family-wise error corrected.
Discussion
The results of the present study add to a growing a literature demonstrating that PLEs in nonhelp-seeking children and adolescents are associated with alterations in brain connectivity. Most notably, however, the present study demonstrates for the first time that these alterations may be clinically meaningful in that they are predictive of reduced social competence at a longitudinal follow-up.
In our TBSS analysis we found that low FA in regions proximal to the SLF and CST bilaterally, and left IFOF and left ILF were associated with higher levels of PLEs. These findings are consistent with the reductions in FA that have been observed in both patients with SZ [7] [8] [9] and in CHR samples. [11] [12] [13] These findings are also broadly consistent with at least one prior report in nonhelp-seeking children and adolescents with PLEs. 18 Moreover, closer examination of the WM tracts proximal to these significant regions revealed that low FA within the SLF was associated with higher levels of PLEs. These findings are particularly noteworthy because several DTI studies have suggested that the SLF, the primary WM tract connecting lateral frontal regions with lateral parietal regions, 29 may play a critical role in the onset of SZ. [30] [31] [32] [33] Several prior reports have found reduced SLF FA in patients with SZ 34, 35 and in CHR samples 12 and this tract has been implicated in risk for transition from a CHR state to a psychotic disorder. 14, 15 It should be noted that these findings are not consistent with a recent report indicating that increased, rather than decreased, FA was associated with PLEs. 19 However, there are several methodological differences between these studies including differences in the age ranges, which may have influenced the variability in the measures of FA, 36 as well as differences in analytic strategies. Specifically, in the present study we examined the relation between WM integrity and the overall severity of PLEs while in the prior study WM integrity was compared between those with vs those without PLEs. Moreover, in the study by O'Hanlon et al. 19 , PLEs were assessed 1-3 years prior to the DTI scan and no data regarding PLEs at the time of the scan were examined. Epidemiological studies suggest that the longitudinal course of PLEs in children and adolescents is highly variable 37, 38 and it is possible that a substantial portion of their PLE group would not be classified as such at the time of the scan. In this case, the increase in FA observed could be marking the resolution of PLEs over the follow-up period. Such a finding would be noteworthy as it might provide insight into resilience mechanisms that prevent transition of subsyndromal symptoms to clinically significant symptoms.
In the present study we also found that baseline FA, but not the severity of PLEs at baseline, was significantly predictive of social competence at a 12-month follow-up. Social competence is thought to reflect many of the skills that form the basis of social cognition, 39 which is widely recognized as being impaired in patients with psychotic disorders. [40] [41] [42] The brain networks that underlie social cognition undergo significant structural and functional development across late childhood and adolescence 43, 44 and it has recently been suggested that extreme variations in the timing or tempo of their development may be related to illnesses characterized by impaired social cognition. 45 Thus, the present findings might suggest that disruptions in connectivity related to PLEs, rather than the PLEs themselves, may directly impact the development of networks required for the later emergence of age-appropriate social cognitive skills. We also found that baseline PLE severity predicted social problems, which are generally reflective of how a child is perceived by their peers, at 12-month follow-up but was not predicted by FA in the SLF. Thus, our findings might suggest that while dysconnectivity may be a better predictor of skill development, severity of PLEs may be a better predictor of peer perception. Longitudinal studies seeking to more closely examine these relationships are needed and may provide valuable insights in the developmental trajectory of psychotic disorders.
Several limitations of the present study should be noted. Although comparable to studies in CHR samples, the sample examined in the present study is relatively small. However, because we were examining the withinsubject relationship between PLE severity and FA, a larger sample was not necessary and we were adequately powered to draw valid conclusions from our regression models. Moreover, although FA is thought to index WM integrity, reflecting both myelination and organization of fiber tracts that form the basis of inter-regional brain connection, it is by nature an inferential measure. Additional studies seeking to directly assess functional connectivity are also needed. We also did not examine other diffusivity measures (ie, axial and radial diffusivities) because this would have required additional statistical corrections that would have left our relatively small sample underpowered to draw any strong conclusions. Finally, the clinical measures used in the present study may not be as comprehensive as other available measures. Thus, additional studies using alternative measures may provide a more precise understanding of the relationship between PLEs and social functioning.
In conclusion, the present findings represent the first demonstration that alterations in WM integrity, which are associated with symptoms of psychosis below the threshold of clinical significance, may have ramifications for later social functioning. Moreover, these findings add to a growing literature suggesting that the examination of subsyndromal psychotic symptoms in nonhelp-seeking samples may provide novel insights into the neurodevelopmental origins of psychotic disorders.
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